with an average IQ of 51, but some patients have much tioning. These findings suggest that some of the cognihigher scores. These differences could be due to the tive and physiological deficits observed on RTS are heterogeneity of chromosomal rearrangements in the not simply due to the reduction of CBP during developcbp gene observed in RTS patients and to the existence ment but may also result from the continued requireof two different mechanisms for transcriptional dysfuncment throughout life for both the CREB co-activation tion: (1) haploinsufficiency and (2) 
We therefore investigated the behavioral phenotype of previous report of electrophysiological deficits in any of the mouse model for the most common cases of RTS, the CBP mutants.
the cbp null allele heterozygous mutant (cbp ϩ/Ϫ ). We To address these issues, we extended the charactercarried out a comprehensive behavioral analysis of ization of CBP mutant mice in four ways. First, we concbp ϩ/Ϫ heterozygous mice to assess various aspects firmed the existence of memory deficits in the null allele of brain function, including motor abilities, emotional mouse model for the haploinsufficiency form of RTS, behavior, learning, and memory. indicating that a haploinsufficiency mechanism is suffiWe first examined cbp ϩ/Ϫ mice in an open field, a test cient to explain the deficits in LTM in the most prevalent for anxiety and basic locomotor behavior. Mutant mice form of the disorder. Second, we described the LTP showed normal exploratory activity, as assayed by amphenotype in a mouse model of RTS. We found that bulatory time and vertical activity (Figures 2A and 2B these mice show a specific defect in the late phase of and results not shown). We also found no differences long-term potentiation (L-LTP) that could account for between mutant mice and their wild-type siblings in the the deficits in long-term memory. This deficit is quite time spent in the center of the arena, a common measure specific; we observed no alteration in E-LTP or in basal of anxiety ( Figure 2C ). We next studied these mice in synaptic transmission. Third, we found that bulk histone the elevated plus maze, a task where mice face a conflict H2B acetylation was reduced in these mutant mice, inbetween their tendency to explore new environments dicating that chromatin alteration may underlie these and their innate aversion to open, brightly lit spaces. defects. Fourth, our results indicate that the reduced Both wild-type and mutant mice showed a similar per-L-LTP observed in cbp ϩ/Ϫ mice can be significantly allecentage of open arm entries in the elevated plus maze viated by genetic or pharmacological compensation for and both spent a similar amount of time in the open arm CBP dysfunction, suggesting that these deficits may be ( Figure 2D and result not shown). In agreement with due to a continuous requirement for CBP throughout life our observations in the open field, these parameters and not the consequence of altered brain development indicated normal levels of anxiety and motivation in leading to permanent anatomical abnormalities. Finally, these mutant mice. We also found no differences bewe describe an enhancement of LTP by an inhibitor of tween the two genotypes in prepulse inhibition, a test histone deacetylases, a finding that supports a role for of sensorimotor gating processes ( Figure 2E ). We did chromatin remodeling in long-term synaptic plasticity find, however, a significant deficit in the performance of the mammalian brain.
of cbp ϩ/Ϫ mice in an accelerated paradigm for the rotarod task ( Figure 2F) Working memory is a form of transient, short-term memnition, a nonaversive memory task that relies on the natural exploratory behavior of mice. In this task, mice ory, and therefore, it is thought to be independent of transcription and new gene expression. Mutant mice were exposed to two identical objects for 15 min during the training session. We tested their memory for these and their littermates had a similar learning curve in the radial maze task ( Figure 2G and result not shown) and objects at a later time by presenting the mice with two objects, one of them previously used during training and committed a similar number and kind of errors during the task (p ϭ 0.8).
the other a novel item. Wild-type mice remember the familiar object and consequently spend more time exploring the novel object. We then tested cbp ϩ/Ϫ mutants cbp ؉/Ϫ Mice Have Reduced Long-Term Memory for Fear and Object Recognition, but Normal and control littermates for memory retention and found that cbp ϩ/Ϫ mutants remembered the familiar object Learning in Spatial Navigation Does the reduced expression of CBP in the hippocamafter 3 hr ( Figure 3B , top) but not after 24 hr ( Figure 3B , bottom), indicating that they have normal short-term pus of cbp ϩ/Ϫ mice correlate with deficits in forms of long-term memory that involve the activation of CREB? memory but impaired long-term memory. Finally, we examined the performance of cbp ϩ/Ϫ mice To address this question, we tested these mice in several memory tasks. First, we assessed cbp ϩ/Ϫ mice in in spatial navigation using the Morris water maze (MWM). We found no significant differences in the visible a fear conditioning task that measures the capability of the mouse to form an association between an aversive platform task ( Figure 3C ), although mutant mice showed a trend to swim slower ( Figure 3E ). When we assessed stimulus and neutral environmental cues. We examined the same mice in two forms of fear conditioning: contexspatial learning using the hidden platform version of the water maze, we found no difference in latency and path tual and cued. During contextual fear conditioning, the animals learn to associate a specific environmental conlength between mutant and wild-type littermates, although the mutants showed a tendency for slower swimtext (conditioned stimulus or CS) with an electric foot shock (unconditioned stimulus or US) that they received ming during the last days of training ( Figures 3C and  3E ). This last finding is in agreement with the locomotive there. This memory depends on both hippocampal and amygdalar function and is evaluated by the percentage deficit observed in the rotarod task. To examine spatial learning more rigorously, we perof time that the animal freezes when re-exposed to the same context. In cued fear conditioning, the animal formed two probe trials, on days 5 and 10. Again, we did not find any statistically significant differences in learns to associate a simple conditioned stimulus (a tone) with a foot shock. This memory depends on the performance between mutants and wild-type controls ( Figure 3G ). We then assessed learning flexibility by amygdala and not the hippocampus. In agreement with previous findings in mice expressing a truncated CBP transferring the platform to a new position and measuring the capability of the mice to learn the new position protein (Oike et al., 1999a), we found that cbp ϩ/Ϫ mutants froze less than control mice in both contextual and cued ( Figures 3D and 3F ). We found that cbp ϩ/Ϫ mice are as flexible as control littermates in learning the new platfear conditioning ( Figure 3A) .
We also assessed cbp ϩ/Ϫ mice in novel object recogform position after few trials ( Figure 3G, bottom Although the reduction of CBP appears not to affect basal synaptic transmission, it might affect long-lasting forms of synaptic plasticity that depend on transcriptional activation. To test this idea, we first investigated LTP induction by a standard 100 Hz tetanus train of 1 s We next examined long-term depression (LTD) in the repeated training can overcome the memory deficits Schaffer collateral pathway, a different form of synaptic observed in tasks dependent on a one-time experience, plasticity. We found that stimulation with one 1 Hz train such as object recognition or fear conditioning.
of 15 min duration evoked LTD with similar amplitude Thus, our behavioral analysis of cbp ϩ/Ϫ mutants conin cbp ϩ/Ϫ mice and wild-type littermates ( Figure 4F ). firmed the cognitive deficits associated to this condition Therefore, the reduced level of CBP produces a specific and illustrated the utility of these mice in modeling RTS deficit in the late phase of long-lasting forms of LTP. symptoms. Our results in fear conditioning and object Our results in the physiology of hippocampal slices correcognition tasks are similar to those reported for the related with those on behavior: normal generation of truncated CBP model, which suggests that a haploinsuf-E-LTP and short-term memories and impaired formation ficiency mechanism by itself is sufficient to lead to such of L-LTP and some forms of long-term memory. cognitive deficits. To address these questions, we stained brain sections of wild-type and cbp ϩ/Ϫ mice with specific anti-acetylhistone antibodies and we found that acetylation of histone H2B was reduced in mutant mice ( Figure 6A ). Focusing on the CA1 region of the hippocampus, we found weak immunoreactivity in the nuclei of all pyramidal neurons in both wild-type and cbp ϩ/Ϫ mice. Whereas control mice had a large number of scattered cells showing intense AcH2B staining in the cellular layer, mutant ( Figure 7C ; 150-180 min: vehicle, 179% Ϯ 8%; SAHA, digm affected in cbp ϩ/Ϫ mutants. We found that injection of the drug 3 hr before training enhanced H2B acetyla-237% Ϯ 8%, p Ͻ 0.005) and mutant ( Figure 7D ; 150-180 min: vehicle, 121% Ϯ 7%; SAHA, 210% Ϯ 6%, p Ͻ 0.005) tion ( Figures 8A-8D ) and enabled cbp ϩ/Ϫ mice to score in both the cued and contextual task similarly to control mice (see also Supplemental Figure S1) . Indeed, the level and duration of L-LTP observed in slices of cbp mice, reversing the memory deficit observed in contextual fear conditioning ( Figure 8E ). We also observed a heterozygous mice treated with SAHA were similar to that observed in wild-type mice in the absence of the recovery in cued fear conditioning, but in this case the differences were not statistically significant. Our study drug ( Figure 7E ), indicating that this compound can ameliorate the synaptic plasticity deficit observed in mutherefore suggests that it might be possible to use the same HDAC inhibitors that are currently being tested in tant mice.
We tested next whether SAHA ameliorates the deficits cancer and Huntington's disease as therapeutic agents for the treatment of RTS. found in CBP mutants by restoring the basal acetylation steady-state or by inverting the HAT/HDAC balance. To address this question, we analyzed by Western blot the Discussion acetylation state of H2B in hippocampal slices treated with SAHA. As previously described (Hockly et al., 2003) , cbp ؉/Ϫ Mice as a Model for Rubinstein-Taybi Syndrome we found a strong increase in AcH2B after incubation with the drug (Figure 7E and Supplemental Figure S1D) .
The Rubinstein-Taybi Syndrome is a complex genetic disorder characterized by stunted growth and mental This increase was similar for both genotypes and closely correlated with our findings in L-LTP. retardation, skeletal abnormalities including craniofacial malformations, and increased risk of neoplasia. BehavFinally, we tested the effect of intraventricular infusion of SAHA in fear conditioning, one of the behavioral paraioral studies of patients suffering from Rubinstein-Taybi Nissl staining, hippocampal protein extracts, and Western blot analysis were carried out as previously described (Mayford et al., 1996) . some of the common target genes involved in the cogni-Anti-CBP antibody was obtained from Santa Cruz Biotech and the and latency to perform the task were recorded during the testing phase. different acetyl-histone antibodies were obtained from Upstate and Serotec. For immunohistochemistry, mice were anesthetized, perFear Conditioning On the training day, the mice were placed in the conditioning chamfused with 4% paraformaldehyde, and postfixed overnight, and 50 m sections were obtained using a vibratome. Staining with DAB ber for 2 min before the onset of CS, a tone at 2800 Hz, 85 dB, which lasted for 30 s. The last 2 s of the CS were paired with US, was carried out according to the ABC kit (Vector). In situ hybridization was performed as described using [ 33 P]ATP-labeled oligonucle-0.7 mA of continuous foot shock. After an additional 30 s in the chamber, mice were returned to their home cage. Conditioning was otides specific for the different genes analyzed (Wisden and Morris, 1994) . assessed 24 hr later by scoring freezing behavior using a video tracking system. Testing occurred first in the context in which mice were trained (contextual fear conditioning) and 3 hr later in a novel Electrophysiology environment where, after a 1 min habituation period, the tone that Hippocampi were collected following cervical dislocation of 3-to was presented during training was given during 120 s (cued fear 4-month-old mice of either sex. Transverse hippocampal slices (400 conditioning). To test the effect of SAHA, mice were anesthetized m) were incubated in an interface chamber at 27ЊC-28ЊC, subfused (0.5 ml of 2.5% avertin per mouse, i.p.), and stereotaxic procedures with oxygenated artificial cerebrospinal fluid (ACSF, containing 119 were used to implant stainless steel guide cannulae into both lateral mM NaCl, 2.3 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26.2 mM ventricles. The stereotaxic coordinates were 0.2 mm posterior to NaHCO 3 , 1 mM NaH 2 PO 4 , and 11 mM glucose), and allowed to equilithe Bregma, 
